In work previously carried out in this laboratory it was shown that the nonionic surface active agent polyoxyethylene sorbitan monooleate (Tween 80) inhibited the adsorption of a Corynebacterium diphtheriae phage to its host cell (Groman and Bobb, 1955) . During this investigation oleic acid, a known contaminant of Tween 80, was also tested for its ability to inhibit phage adsorption. In contrast to Tween 80, oleic acid appeared to enhance adsorption at a concentration of 20 ,g/ml while causing no direct inactivation of phage in the control. In subsequent studies with the same phage-host system, oleic acid was tested for its effect on lysis in broth, and at 15 to 20 ,ag/ml prevented lysis while causing no apparent inhibition of bacterial growth. The conclusion suggested by these findings, namely that oleic acid inhibited phage reproduction subsequent to adsorption, prompted further investigation of the phenomenon. As a result of the experiments to be reported in this paper it is now clear that oleic acid plays a role in the release and activation of a phage inhibitor from the bacterial host. Thus the apparent effects of oleic acid on phage adsorption and reproduction can be explained by rapid extracellular inactivation of phage by the inhibitor.
MATERIALS AND METHODS
Phages and bacterial strains. C. diphtheriae strain C4 was employed throughout this work as the source of bacterial material participating in the inhibition of phage and as indicator strain for phage titrations. Virulent phage B was used in most experiments employing diphtheria phage. In a few experiments phages ,B, y, and Bh were also employed. The origin and nomenclature of the bacterial strain and phages was 1 Supported in part by a grant-in-aid from the American Cancer Society. A preliminary report of some of this work was given at the national meeting of the Society of American Bacteriologists, April, 1957, Detroit, Michigan. outlined previously (Groman and Eaton, 1955) . Coliphages Ti, T2, T3, and T5 and Bacillus megaterium phage C were also employed in certain experiments. Escherichia coli strain B and the KM strain of B. megaterium were used as the respective hosts.
Media and chemical reagents. A proteose peptone salt (PPS) medium composed of 2 per cent proteose peptone (Difco) and 0.5 per cent sodium chloride at a final pH of 7.8 was used for growing the C4 cells used in production of the phage inhibitor and as a suspending medium during inhibitor production. For unknown reasons not all lots of proteose peptone can be used for this purpose and each lot must be checked in appropriate control experiments. Heart infusion broth (Difco) was employed for all dilutions, and for growth of C4 when it was used as an indicator strain in phage titrations. Heart infusion agar was employed in titration of diphtheria phages and coliphages, but a 5 per cent peptone (Difco) agar was used for the titration of the C phage of B. megaterium.
In most of the experiments purified oleic acid obtained from the Hormel Foundation, Austin, Minnesota, was employed. Technical grade oleic acid was employed in some of the early experiments, and a comparison of inhibitor activity obtained with this and the purified oleic acid revealed no significant differences. A 5 per cent stock solution of oleic acid was prepared in absolute ethyl alcohol, and prior to use preliminary dilutions were made in distilled water. Samples of this aqueous suspension were added to proteose peptone salt medium in amounts not exceeding 0.1 ml in a total volume of 5 ml. The alcohol carried over to the experimental tube had no effect on phage nor did it function in the release of phage inhibitor.
Production of phage inhibitor. Strain C4 was inoculated into proteose peptone salt medium and incubated overnight at 37 C without shaking. (Groman, 1955) was employed.
RESULTS
Phenomenon of phage inhibition. The initial observation prompting this investigation was that oleic acid at 15 to 20 Ag/ml prevented lysis, in broth, of strain C4 of C. diphtheriae by bacteriophage B without any apparent inhibition of bacterial growth. The effect of oleic acid on phage infection was then studied at the cellular level. The details and results of a series of these preliminary experiments are given in Table 1 . Cells (108/ml), phage (107/ml), and oleic acid were mixed and incubated for 20 min at 37 C. At the end of this period free phage and total infectious centers were assayed. The number of infected cells was calculated by difference. Oleic acid alone had no effect on phage or cell viability.
In absorption controls in which oleic was absent the decline in free phage was matched by an increase in the number of infected cells.
These data show that after the addition of phage to a bacterial suspension containing oleic acid, a marked drop occurred in free phage. Contrary to expectation, phage no longer recoverable as free phage was only partially accounted for by the number of infected cells. Furthermore, the proportion of phage accounted for in this manner decreased with increasing concentrations of oleic acid.
It was assumed at this point that the fraction of unrecovered phage had adsorbed to the cells and that perhaps infection had aborted in the presence of oleic acid. If such were the case and if the hypothetical abortive infection led to cell death it would be possible to determine the number of infected cells by the decrease in bacterial colony count. To test this possibility a number of experiments were performed similar in design to those described in Table 1 except that the initial phage-bacterial ratio was increased to one so that a larger proportion of the cells would be infected. The oleic acid concentration employed was 10 ,ug/ml. In this series of experiments it was found that approximately 90 per cent of the cells which had apparently To determine the stage at which interference with phage reproduction was occurring, oleic acid was added to mixtures of phage and bacteria at various times after their initial contact. It soon became apparent that loss of infectious centers occurred at a very early stage of phage infection and that bacteria exposed to oleic acid within 1 min after adsorption of phage retained their ability to form plaques. An experiment illustrating this point is given in Table 2 .
The data show that in the absence of oleic acid total phage remained constant during the experimental period, the decrease in free phage being complemented by an increase in infected bacteria. In contrast, following the addition of oleic acid there was little or no change in the number of infected bacteria despite a decrease in free phage greater than that shown in the control. This constancy in the number of infected bacteria following the addition of the fatty acid showed that if oleic acid was aborting phage infection it was doing so at a very early stage of infection. An alternative suggested by the decrease in free phage was that the inactivation of phage occurred prior to actual adsorption, i.e. extracellularly.
If the hypothesis of extracellular inactivation were correct, then treating cells with oleic acid should produce a material which would rapidly inhibit bacteriophage. To test this, oleic acid extracts of C4 cells were prepared employing 10 ,Lg/ml of the fatty acid and the extracts were tested for their ability to inhibit phage B. In a series of seven experiments these extracts inhibited 31 to 92 per cent of the phage in 10 min. Thus much and possibly all of the phage loss observed in previous experiments occurred extracellularly. Extracellular inhibition provides a simple explanation for the apparent recovery of phage-infected cells noted above, for the inability of oleic acid to affect phage reproduction even when added immediately after phage adsorption and for the apparent increase in the rate of phage adsorption which had been observed in the presence of oleic acid (Groman and Bobb, 1955) . (Fig. 1) show the proportionality expected in a stable system. It was concluded that under the conditions of phage assay inhibition of phage was irreversible. Role of oleic acid in inhibitor production. In considering the role oleic acid might play in producing inhibitor the following possibilities were examined. The fatty acid might simply effect the release of some inhibitor from the intact cell; it might participate in the formation or activation of the inhibitor subsequent to spontaneous release of some cell material, or it might perform both of these functions. Evidence bearing on the role of oleic acid was obtained in a series of experiments described in Table 3 .
The data given in columns 2 and 3 of Table 3 show that, while material critical to phage inhibition was released from cells in the absence of oleic acid, inhibition did not take place until oleic acid was added. A comparison of the results given in columns 3 and 4 of the table shows that the rate of inhibition was greatly increased when oleic acid was present during the period of cell incubation. Taken together these observations show that oleic acid performs a dual function. It enhances the release from the cell of material participating in inhibition and it plays a definite role in activating inhibitor.
Influence of cell condition on production of phage inhibitor. The effect of heating strain C4 at a lethal temperature was studied for its influence on inhibitor production. Cells were grown and washed in the usual manner, resuspended to the desired concentration in proteose peptone salt medium, and heated to 60 C for 15 min. Viability counts fell 4 to 6 logs during this treatment. The heated suspensions were cooled and oleic acid was added to a final concentration of 20 pig/ml. After 10 min incubation at 37 C the cells were removed by centrifugation and the supernatants tested for ability to inhibit phage. Extracts prepared from 108 heated cells/ml produced no measureable inhibition in fou-r experiments and 11 and 21 per cent in two others. This was in contrast to the 60 to 90 per cent Logarithmic phase cells were washed twice in proteose peptone salt medium and resuspended in the same medium to a concentration of approximately 108 cells per ml. One sample of cells was incubated for 10 or 20 min in a 37 C water bath, the cells removed by centrifugation and the supernatant tested for ability to inhibit phage in the presence of oleic acid (20 ,g/ml) or in its absence. An oleic acid extract was prepared from a second sample of cells by exposing them to 20,pg/ml of the fatty acid for an identical period of time at 37 C. Following centrifugation the supernatant was tested for its ability to inhibit phage. Phage inhibition was measured over a 20-min period.
inhibition produced by extracts of unheated cells. It is evident from these results that heating drastically reduces or destroys the ability of cells to participate in inhibitor production.
In a second series of experiments the phase of growth of C4 was examined for its effect on inhibitor production. Cells from cultures at various stages of growth were tested for their ability to produce inhibitor in the usual manner. The washed suspensions were brought to a standard turbidity before addition of 20 ,ug/ml oleic acid to permit a comparison of activity. From these experiments it was found that the level of inhibitor production was relatively constant throughout the logarithmic phase and early in the phase of negative decline. No data was obtained beyond this point. Inhibition generally ranged from 60 to 90 per cent.
In the same series of experiments the undiluted supernatants from the various growth phases were also examined for phage-inhibiting activity. Inhibition could only be demonstrated following the addition of oleic acid (20 ,g/ml). Inhibitory activity remained at a relatively fixed level throughout the course of growth, but at a level significantly lower than that obtained by treating the cells with oleic acid. There is obviously no accumulation of cell material critical to inhibition in the culture medium despite significant increases in cell population. Since it seems likely that additional material is released during growth of a culture it appears that it is destroyed, altered, or bound during the development of the culture. The fact that normal serum proteins can suppress inhibitor action (Groman and McCormick, 1961) would lend weight to the latter alternative.
Effect of oleic acid concentration, cell concentration, and duration of exposure to fatty acid on activity of inhibitor. Two experiments illustrating the effect of varying concentrations of oleic acid and cells on inhibitor production are given in Fig. 2 and Table 4 . The results of these and other experiments can be summarized as follows. The minimal cell concentration at which a detectable amount of inhibitor was produced was in the range of 1 to 3 X 106/ml and the minimal amount of oleic acid required for inhibitor production at any cell concentration tested was 3 to 10 ,tg/ml (see Table 1 ). Over the range of cell concentrations from approximately 3 X Cells were incubated at 37 C with oleic acid for 10 min, centrifuged, the supernatant heated to 60 C for 15 min, cooled to 37 C, and tested for phageinhibiting ability over a 10-min period. Cells at a concentration of 108/ml were incubated at 37 C for the time indicated, centrifuged, the supernatant heated to 60 C for 15 min, cooled
to 37 C, and tested for phage-inhibiting ability over a 10-min period.
106 to 5 X 108/ml and within the range of 20 to 40 jig/ml of oleic acid the rate of inhibition increased with either an increase in fatty acid concentration (Fig. 2 ) or cell concentration (Table 4) (Groman and McCormick, 1961) . DISCUSSION A discussion of the relation of the present findings to the normal phage B and C. diphtheriae strain C4 interaction is best postponed until the data in the following paper have been presented (Groman and McCormick, 1961 
SUMMARY
An inhibitor of diphtheria phage B is produced when its host strain C4 of Corynebacterium diphitheriae is exposed to oleic acid while suspended in a proteose peptone broth medium. The inhibitor can be demonstrated in the supernatant after removal of the cells by centrifugation.
When 108 cell/ml were exposed to 10 mg/ml of oleic acid for 10 min at 37 C, enough inhibitor was produced to inactivate 60 to 90 per cent of added phage within 10 min. Inhibition is dependent on the presence of some material derived from the host cell and on oleic acid. In addition to this activating role oleic acid also enhances the release of cellular material participating in inhibition.
The influence of a number of variables on inhibitor production was examined. Cells in the logarithmic phase of growth and the phase of decline were equal in their ability to participate in inhibitor production. The rate of inhibition was related directly to the cell and oleic acid concentrations employed in producing inhibitor and in general inversely related to the times the cells were exposed to fatty acid. Cells heated to 60 C for 15 min lost ability to participate in inhibitor production.
In a preliminary study of the specificity of inhibition it was found that diphtheria phage B and related phages were inhibited by material derived from C. diphtheriae strain C4 but that coliphages T1, T2, T3, and T5 and phage C of Bacillus megaterium were not. In addition no inhibition of diphtheria phage B was observed when supernatants were tested following treatment of a strain of Escherichia coli and a Bacillus species with oleic acid in a manner analagous to that employed in inhibitor production.
